Introduction: Cross-regulation between TNF and type I IFN has been postulated to play an important role in autoimmune diseases. Therefore, we determined the effect of TNF blockade in rheumatoid arthritis (RA) on the type I IFN response gene activity in relation to clinical response.
Introduction
Cytokines are key regulators of pathogenic processes in a variety of inflammatory and autoimmune diseases. Major roles for both tumor necrosis factor (TNF) and type I interferon (IFN) have previously been demonstrated. Type I IFN (IFNα/β) plays an important role in systemic lupus erythematosus (SLE) [1] . Evidence for the role of IFN in SLE came from the induction of disease during IFNα/β treatment and circulating IFN inducers [2, 3] . Type I IFN activity in SLE is associated with disease severity [1] . TNF was the first cytokine convincingly demonstrated to contribute to chronic inflammation in several autoimmune diseases, including rheumatoid arthritis (RA) and Crohn disease [4] . Accordingly, blockade of TNF activity has proven to be highly beneficial in the treatment of these diseases [5, 6] .
Blockade of TNF reduces the acute-phase reaction and decreases the local and systemic levels of inflammatory mediators in patients with RA (reviewed in [7] ). However, the improvement varies between patients, and approximately 30% of RA patients fail to respond to this therapy. It has been suggested that TNF suppresses IFNα production by inhibiting both the generation of plasmacytoid dendritic cells (pDCs) and their IFNα secretion [8, 9] . Accordingly, it was shown that TNF blockade in systemic-onset juvenile idiopathic arthritis (SoJIA) patients, which resulted in a poor or fair clinical response [10] . is associated with a higher expression of IFN response genes [9] . The in vivo IFN bioactivity was determined by the measurement of the expression of type I IFN response genes in the peripheral blood cells. Similar findings were made for patients with primary Sjögren syndrome (SS) who were treated with a TNF antagonist [11] in which no evidence of efficacy of infliximab was observed [12] . Here, the type I IFN bioactivity in the blood was measured in an indirect manner, based on the use of a bioassay in which a serum sample is tested to induce the expression of IFN response activity.
Since the finding of an increased IFN response gene activity after TNF blockade was based on studies in diseases in which the clinical response to therapy was shown not to be optimal, we were interested to know whether this effect also applied to diseases that showed a good clinical response. Therefore, we aimed to determine the effect of TNF blockade on the type I IFN response gene activity in RA patients, for approximately two thirds of whom TNF-blocking therapy is effective. Previously, we and others demonstrated increased type I IFN response gene activity in the peripheral blood cells of approximately 50% of anti-TNF treatment-naive RA patients [13] . This analysis was based on the measurement of the expression of a set of 34 type I IFN response genes. Accordingly, others demonstrated increased levels of IFNα in serum of a subset of RA patients [14] . Here, we first studied whether TNF blockade in RA led to a consistent increase in type I IFN response gene activity as was reported for SoJIA and SS. Subsequently, we determined whether anti-TNF-induced changes in IFN response activity were associated with the clinical outcome of TNF blockade in RA.
Materials and methods

Patients
Consecutive patients with RA according to the American College of Rheumatology criteria were enrolled in the study at the outpatient clinic of the Academic Medical Center (AMC) in Amsterdam over a period of 1 year. Inclusion criteria were 18 to 85 years of age, a failure of at least two disease-modifying anti-rheumatic drugs (including methotrexate [MTX]), and active disease (disease activity score using 28 joint counts [DAS28] of at least 3.2). Patients with a history of an acute inflammatory joint disease of different origin or previous use of a TNF-blocking agent were excluded. Patients were on stable, maximally tolerable MTX treatment. Whole blood samples (2.5 mL) were obtained using PAXgene tubes (PreAnalytiX GmbH, Hilden, Germany) from 33 RA patients prior to initiation of anti-TNF therapy with infliximab (3 mg/kg intravenously at baseline and weeks 2 and 6 and subsequently every 8 weeks). After 4, 8, 12 , and 16 weeks of treatment, another PAXgene tube was obtained. All patients gave written informed consent, and the study protocol was approved by the Medical Ethics Committee (AMC). After 16 weeks of treatment, clinical response was assessed using the European League Against Rheumatism (EULAR) response criteria [15, 16] as well as the reduction in DAS28 (response defined by a decrease in DAS28 of at least 1.2) [17] . According to the EULAR response criteria, 6 of the 33 patients had a poor response whereas 12 patients displayed a good response to treatment. An overview of the patients' characteristics is presented in Table 1 .
Blood sampling for RNA isolation
Blood (2.5 mL) was drawn in PAXgene blood RNA isolation tubes (PreAnalytiX GmbH) and stored at -20°C. Tubes were thawed for 2 hours at room temperature prior to RNA isolation. Next, total RNA was isolated using the PAXgene RNA isolation kit according to the manufacturer's instructions, including a DNAse (Qiagen, Venlo, The Netherlands) step to remove genomic DNA. Quantity and purity of the RNA were tested using the NanoDrop spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE, USA).
Microarray data
In 15 patients, the baseline expression of type I IFN-regulated genes was determined using cDNA microarrays and compared with levels 1 month after treatment. Therefore, we used 43 K cDNA microarrays (from the Stanford Functional Genomics Facility [18] ) printed on aminosilane-coated slides containing approximately 20,000 unique genes. DNA spots were UV-crosslinked to the slide using 150 to 300 mJ. Sample preparation and microarray hybridization were performed as described previously [13, 19] . Data storage and filtering were performed using the Stanford Microarray Database [20, 21] as described previously [22] . Raw data (log2) can be downloaded from the publicly accessible Stanford database website [21] . In addition, data are stored in the Gene Expression Omnibus [23] [GEO:GSE19821].
Interferon response gene set
Previously, we showed that a prominent cluster of highly correlated type I IFN response genes is upregulated in a subgroup of biological-naive RA patients compared with healthy controls [13] . Table 2 .
Real-time quantitative polymerase chain reaction RNA (0.5 μg) was reverse-transcribed into cDNA using the Revertaid H-minus cDNA synthesis kit (MBI Fermentas, St. Leon-Rot, Germany) according to the manufacturer's instructions. Real-time quantitative PCR (qPCR) was performed using an ABI Prism 7900HT
Sequence detection system (Applied Biosystems, Foster City, CA, USA) using SybrGreen (Applied Biosystems). Primers were designed using Primer Express software and guidelines (Applied Biosystems), and used primer sequences are listed in Additional file 1. To calculate arbitrary values of mRNA levels and to correct for differences in primer efficiencies, a standard curve was constructed. Expression levels of target genes were expressed relative to 18SRNA.
BioMark™ Real-Time PCR System
The BioMark™ 48.48 Dynamic Array (Fluidigm Corporation) for real-time qPCR was used to simultaneously measure the expression of 15 IFN response genes ( Table  2 ) in 47 samples (plus one negative control) in triplicate. The 47 samples were derived from 10 patients (five poor and five good EULAR responders) at baseline and 1, 2, 3, or 4 months after treatment. From two poor and one good responder patients, the 3-month time points are missing. This experiment was performed at the outsourcing company ServiceXS (Leiden, The Netherlands). Used pre-designed Taqman Gene Expression Assays are listed in Additional file 1. Expression levels of target genes were expressed relative to 18SRNA.
Statistical analysis
Data were analyzed using software programs GraphPad Prism 4 (GraphPad Software, Inc., San Diego, CA, USA) and SPSS version 14.0 (SPSS Inc., Chicago, IL, USA). Data were checked for normal (Gaussian) distribution. Paired t test analysis was used to compare pre-and posttreatment expression levels. Two-group comparisons were analyzed using unpaired t test or two-way analysis of variance (ANOVA), where appropriate. Data were considered significant with P values of less than 0.05.
Results
Differential effect of tumor necrosis factor blockade on type I interferon signature
Previously, we compared the gene expression profiles of peripheral blood cells of RA patients with those of healthy controls and found that a subgroup of RA patients has an increased expression of type I IFN response genes [13] . This increased expression in IFN response genes was highly variable between the individual RA patients and unrelated to medication and disease activity. In the present study, we studied the effect of TNF blockade on the transcription of type I IFN response genes. Therefore, we used the expression values of 34 type I IFN response genes (Table 2) (described previously [13] ), which were averaged. Subsequently, baseline values were compared with post-treatment levels (Additional file 2). At the patient group level, there was no significant change in type I IFN response gene activity (Figure 1a ). However, the regulation of IFN response genes upon TNF blockade was highly variable between patients. The variation was not related to gender or MTX dose or prednisone or nonsteroidal anti-inflammatory drug (NSAID) use.
To confirm these results in an independent cohort of 18 RA patients, three genes (RSAD2, IFI44L, and OAS1) that showed the best correlation (R > 0.9) with the mean expression value of the set of 34 type I IFN response genes were selected. The mean expression of the three genes was measured by real-time qPCR before and 1 month after infliximab therapy. Ten patients showed an increased expression of these three IFN response genes after TNF blockade, whereas in eight patients similar or decreased levels were observed (Figure 1b) . The IFN regulation was independent of gender or MTX dose or prednisolone or NSAID use. Collectively, these results confirm findings from the microarray study and evidently demonstrate that the regulation of IFN response gene activity upon TNF blockade in RA is not as consistent as previously described for SoJIA [9] and SS [11] .
Change in type I interferon response gene activity is unrelated to baseline levels
Since the type I IFN response gene expression levels are already highly heterogeneous in biological-naive RA patients, we investigated whether the observed changes were related to the magnitude of IFN response gene expression prior to treatment. Therefore, the relationship between the extent of the baseline IFN response gene expression levels and its change after TNF blockade was tested. In the 15 patients, the baseline mean expression of the type I IFN gene set did not correlate with their corresponding change after treatment (Pearson R = -0.42, P = 0.12). This was confirmed in the validation group of 18 patients by using the mean expression levels of the three IFN response genes (RSAD2, IFI44L, and OAS1) measured by qPCR, although a trend toward significance was observed (Spearman R = -0.44, P = 0.064). These findings reveal that the type I IFN response gene expression profile prior to treatment is not associated with the direction of its change upon TNF blockade.
Anti-tumor necrosis factor induced-interferon regulation and clinical response to treatment
Finally, we investigated whether the treatment-induced changes in type I IFN response gene expression levels were associated with clinical response to treatment. Therefore, the patients (n = 15) were divided into two groups on the basis of their change in mean expression level for the 34 IFN response genes (ratio > 1 and ratio < 1) as demonstrated in Figure 1a . Next, clinical parameters were compared between these two groups. Clinical response to treatment was determined after 16 weeks of
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Figure 1 Differential regulation of interferon (IFN) response genes upon tumor necrosis factor (TNF) blockade.
The expression levels of 34 type I IFN response genes were determined by cDNA microarray analysis in peripheral blood cells of 15 patients before (T0) and 1 month after (T1) anti-TNF treatment. (a) Subsequently, for each patient, the expression levels were averaged (note: data are in log2 space) and baseline levels were compared with post-treatment levels. The patients whose IFN response gene levels are induced after TNF blockade are indicated by red lines, and patients with a downregulation are indicated by green lines. Subsequently, the expression levels of three IFN response genes (RSAD2, IFI44L, and OAS1) were measured by quantitative real-time polymerase chain reaction (PCR) in an independent group of 18 patients. (b) The expression levels of the three genes were averaged, and baseline levels were compared with post-treatment levels. ns, not significant using a paired t test analysis. Mean expression (PCR based) ns treatment. Interestingly, the patients who showed an increase in type I IFN response gene expression levels after 1 month of treatment had a poor clinical response to treatment. This was reflected by less improvement in disease activity scores (P = 0.013) and higher tender joint counts (P = 0.015) and higher Health Assessment Questionnaire-Disability Index scores (P = 0.008) after treatment ( Figure 2) . Accordingly, all patients without an anti-TNF-induced increase in type I IFN gene activity had a good or moderate response to treatment as assessed by the EULAR response criteria (P = 0.018) (Figure 2) . From a total of 29 patients, both the EULAR and the qPCR expression data were available for the three IFN response genes RSAD2, IFI44L, and OAS1. Analysis of the pre-versus post-treatment ration of OAS1 revealed that the change in gene expression of OAS1 is significantly associated with clinical response to treatment (P < 0.013).
To determine whether the IFN response to TNF blockade was sustained over time, five EULAR good and five EULAR poor responders were selected and the expression levels of 15 IFN response genes (selected from the set of 34 genes used above, Table 2 ) were measured at baseline and 1, 2, 3, and 4 months after treatment by qPCR (Additional file 3). The expression levels were averaged for the individual patients, and the treatmentinduced changes (ratio post-versus pre-treatment) in 
Differential regulation of interferon (IFN) response genes upon tumor necrosis factor (TNF) blockade and clinical response to treatment
C. D.
Ratio<1 Ratio>1
Ratio>1
Ratio<1
Ratio>1 Ratio<1 * * * ** IFN response gene expression levels over time were compared between the two clinical response groups using two-way ANOVA. Overall, the IFN response genes showed an upregulation in the poor responder group, which was most prominent at 2 months after the start of therapy (data not shown). At the single-gene level, the increased expression in poor versus good responders reached significance for the OAS1 and LGALS3BP genes (Figure 3a, b) . For three other IFN response genes (Mx2, OAS2, and SERPING1), a trend (P = approximately 0.06, data not shown) was observed toward increased expression in the poor responder patients. Combining these five genes (OAS1, LGALS3BP, Mx2, OAS2, and SERPING1) into one IFN response gene set improved the significance (Figure 3c ). These data demonstrate that poor response to infliximab treatment is associated with treatmentinduced increase in type I IFN response gene activity.
Discussion
In this study, we demonstrated that blockade of the inflammatory cytokine TNF in RA patients modulates the expression of IFN response gene activity in a heterogeneous manner. The data revealed that some RA patients display a treatment-induced increased expression of type I IFN response genes whereas others display no effect or a small decrease. We provided evidence that the treatment-induced change in expression levels of IFN response genes is associated with the EULAR response rate at 16 weeks after the start of infliximab treatment. RA patients who revealed an increased IFN response gene expression profile after 1 to 2 months of anti-TNF treatment exhibited a poor clinical response. No association between clinical response to infliximab treatment and baseline IFN response gene activity was found. IFNs are known for their immune regulatory properties. Previously, we provided evidence for an increased expression of type I IFN response genes in a subset of patients with RA [13] . Upregulation of type I IFN response genes has been reported in peripheral blood cells of (a subset of ) patients with other autoimmune diseases, like SLE [1, [24] [25] [26] , dermatomyositis [27] , and multiple sclerosis [22] . Type I IFNs (IFNαβ) exert broad dual effects on the immune system, reflecting both immunestimulatory and immune-suppressive activities. Immunestimulatory activities relate to the activation of myeloid dendritic cells, chemokines, chemokine receptors, costimulatory molecules (CD40, CD80, and CD86), and humoral responses. Immune-suppressive effects are reflected by Th2 cell skewing and anti-proliferative and pro-apoptotic effects. According to their dual effect on immunity, their role in disease may range from detrimental to beneficial. Although the anti-TNF-induced increase in IFN response activity might be an epiphenomenon related to the effect of TNF blockade, it is tempting to Poor response to tumor necrosis factor blockade is accompanied by upregulation of interferon (IFN) response genes speculate on a role of increased IFN bioactivity in the deteriorating clinical effects. The association between an increase in type I IFN response gene activity and poor response to anti-TNF treatment may suggest a harmful role for type I IFN bioactivity in RA or, alternatively, a failed attempt to counter-regulate inflammation.
Clinical experience revealed that a fraction of patients treated with TNF antagonists developed (increased) antidsDNA antibodies, in some cases with a concomitant lupus-like syndrome [28, 29] . From a total of 18 of the 33 patients we studied, levels of anti-citrullinated protein antibody, rheumatoid factor, and double-stranded DNA autoantibody, determined before and 24 weeks after TNF blockade, were available. The expression level of IFN response genes was not related to antibody levels at baseline nor was the activation of the IFN response genes related to the drug-induced formation of antibodies (data not shown [30] ).
The differences between the effects of TNF blockade on IFN response activity between the studies in SS [11] and SoJIA [9] , on the one hand, and our studies in RA and spondyloarthritis (SpA) [31] , on the other, could have their origin in differences in design between the studies, such as the use of infliximab in RA versus etanercept in SS, and the different readout systems used. For example, the SS study was based on an indirect reporter cell assay to measure type I IFN activity in plasma, whereas in the SoJIA and RA studies, measurement of IFN response gene activity in the peripheral blood cells was measured. Using the reporter assay, we previously demonstrated that the serum type I IFN bioactivity was increased in SpA patients treated with etanercept whereas it was transiently declined by infliximab [31] . This is suggestive for differential effects of etanercept and infliximab on IFN response activity, although the direct consequence for the IFN response signature in the peripheral blood cells has not been tested. In an attempt to find an explanation for the apparent discrepancies in IFN response gene activity related to clinical response to infliximab, we learned that in both RA and SS [11, 12] an increased IFN response activity is associated with a poor clinical response.
The inter-individual differences in anti-TNF-induced IFN response may be the result of differential regulatory processes. Evidence that TNF blockade may exert both inhibitory and activating effects on IFN response activity is available. In vitro experiments suggested that endogenous secretion of TNF by pDCs represents a negative feedback on IFN production [9] . Whereas this finding suggested that TNF displays counteracting effects on IFN response activity, others have reported that TNF initiates an IRF1-dependent autocrine loop leading to sustained expression of STAT1-dependent type I IFN response genes [32] . Hence, the divergent outcome of the IFN response activity might be a consequence of differences in the relative contribution of each of these processes in the regulation of IFN response activity. Alternatively, genetic variation in the type I IFN biology could underlie the variation in response activity. Single-nucleotide polymorphisms in several transcription factors involved the type I IFN pathway (for example, IRF5, Tyk2, and STAT4) have recently been associated with a number of autoimmune diseases, including SLE [33, 34] and RA [35] [36] [37] . Future studies are needed to unravel the mechanism behind the divergent alterations in IFN response gene activity upon TNF blockade. Since the current information on the differential IFN response gene activity does not have predictive value to identify responders before the start of therapy, detailed insight in the regulatory processes that underlie this effect might be helpful to identify such biomarkers. Therefore, in vitro studies with blood cells that are treated with a TNF blocker might be useful.
Conclusions
In summary, this study shows that there is a large variation between RA patients in the change of IFN response gene expression levels during TNF blockade. The change in IFN response genes is unrelated to baseline expression levels. Interestingly, treatment-induced increase of IFN response gene activity is associated with poor clinical response to infliximab treatment. Additional studies in larger patient cohorts should reproduce and confirm these findings.
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